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Chilling and freezing are widely used to preserve foods. Most systems use air because it is flexible, hygienic and is relatively non-corrosive to equipment. Air chilling or freezing produces much lower rates of heat transfer than contact or immersion technologies. However, this may not be a major issue since conduction within the product is often the rate-controlling factor. 
Heat transfer rates can be increased by raising the velocity or reducing the temperature of the air moving over the product. However, many chilled products are damaged at low temperatures and reducing the air temperature is therefore not an option for all products. Where slower rates of chilling or freezing are acceptable evaporation from the surface of unwrapped products is often a problem. Excessive dehydration caused by slow chilling or freezing is an economic loss and reduces product quality.
The most common air chilling or freezing systems use a fan to blow refrigerated air around an insulated room. Food products are either manually loaded or pass through the room/tunnel on conveyors. Batch systems are the simplest chilling systems but are often characterised by poor air flow and uneven cooling times. Continuous systems overcome the problems of uneven air distribution since each item is subjected to the same velocity/time profile. In the simplest of these systems food is suspended from an overhead conveyer and moved through a refrigerated room. This process is often used in air chilling of poultry or in the prechilling of pork carcasses. Some small cooked products are continuously chilled on racks of trays, which are pulled or pushed through a chilling tunnel using a simple mechanical system. In more sophisticated plants the racks are conveyed through a chilling tunnel in which the refrigeration capacity and air conditions can be varied throughout the length of the tunnel. In larger operations, products are conveyed through a linear tunnel or a spiral chiller/freezer.

Design
Processes to cool food need to be designed to extract heat at the required rate whilst minimising energy consumption and ensuring that the equipment fits into the process line and is simple to operate and maintain. Often purchasing decisions are a compromise between initial cost and operation costs and compromises are made to reduce the initial outlay. In addition equipment is often not fully specified before purchase and therefore fails to fully meet demands during operation. Therefore it is vital to provide a detailed and comprehensive specification of the required process prior to purchasing equipment.
Key factors in developing a specification
A minim process specification must include the types of products to be handled, whether products will be packaged and the temperatures at which the products will enter and leave the chiller/freezer. The quantity of product to be handled and the required cooling times should be specified. If these are not already available they should be obtained through trials possibly combined with mathematical modelling to extrapolate data.
Ideally the plant should be designed for maximum efficiency at the most common conditions. This requires knowledge of local seasonal ambient conditions (temperature and humidity) to define condensing temperatures (the refrigeration system condenser is generally located outside the building) and of heat loads for the chilling or freezing process. In addition future production plans should be taken into account to ensure that if higher throughputs are required that the refrigeration plant is capable of removing the additional heat.
Whenever possible flexibility should be incorporated into the design as products may change in the future resulting in alterations to cooling requirements. If the designer can incorporate flexibility into the system whilst still maintaining performance the chiller or freezer is likely to be far more useful to the end user. Flexibility can be incorporated through use of variable speed fans or belt speeds, baffles to change the direction of air flow over products or ability to adjust the product loading profiles. If product throughput is likely to change it may be viable to incorporate larger high pressure receivers (refrigerant storage vessels) and to keep pipe sizes as large as practical in the initial design. However, unless future increases in throughput are well defined it may not be viable to incorporate larger condensers, spare evaporators or spare compressors.
The specification should include a plan showing the location and space available for equipment and for manoeuvring product into and out of the chiller/freezer. If the central refrigeration plant can be located close to the actual cooling facility the capital and energy cost of installation will be reduced as the pipe runs will be short as possible. It is also valuable to set a budget for both the initial capital expenditure and the running costs (operation and maintenance) of the equipment so that the operational costs can be balanced against the initial costs.

Energy
It is clear that the efficiency of most refrigeration plant could be improved. Currently the food industry is responsible for 12% of the UK’s industrial energy consumption and uses over 4500 GWh/yr of electrical energy consumption (Market Transformation Programme). Overall figures would indicate that approximately 50% of the energy is associated with retail and commercial refrigeration and 50% with chilling, freezing and storage (Swain, 2006).
System efficiency can be targeted in two ways; either by ensuring current plant is operated as efficiently as possible or by replacing parts or all of a plant with a more efficient system. With new plant the efficiency of the plant should be an integral part of the initial specification. However, in older plant it may only be possible to maintain plant well and to ensure that it operates at its initial design efficiency. In a chilling or freezing process the measure of the overall efficiency is the amount of heat extracted from the food divided by the total energy consumed.
In all cases the efficiency that heat is removed from the product is extremely important. For example if sufficient space is available when cooling cooked products ambient cooling will substantially reduce the amount of heat that needs to be extracted by the refrigeration system. Predictions carried out using a mathematical model similar to that described by Evans, Russell and James (1996) showed that a 1 hour initial ambient cooling system could extract 49% of the heat required to cool a 50 mm thick Bolognese sauce ready meal from 80 to 5°C (Figure 1). Ambient cooling only extended the overall cooling time by 24 minutes.
The main heat loads in food chilling or freezing are from the food and the fans used to distribute air in the cooling chambers. However, infiltration loads can also be high in chilling or freezing rooms where food is loaded over periods of time (e.g. meat chillers). Infiltration not only adds heat directly to the room but also add a latent load on the room and evaporator as moisture in the air is condensed and frozen. This is not only a heat load but affects performance of the evaporator and can be a safety issue if ice is present on floors or ceilings where it can fall on operators. Therefore door discipline is an important factor in reducing energy consumption and ensuring air temperature within the room are maintained at the correct temperature.
Refrigeration systems
Refrigeration system choice is a vital part of selecting an efficient freezing or chilling system that has a long term use. The size of the refrigeration system will vary according to the amount of heat that needs to be removed from the product. The rate of heat removal from products will determine the size of the plant. Smaller, thin product will release heat more quickly than large, thicker product. In small products the heat release is mainly convection driven and heat loads are more constant. In larger product internal conduction has a much larger effect and cooling load varies during the cooling period with the maximum heat load being at the beginning of the process (Figure 2). 




Within the food industry the majority of chillers/freezers are operated using a direct expansion refrigerant (DX system). Systems consist of two heat exchangers (a condenser and an evaporator), a means to pump and raise the pressure of the refrigerant (compressor) and an expansion device plus associated control devices, storage vessels and safety devices. A basic refrigeration system is shown in Figure 6. The refrigerant is a volatile fluid that boils (evaporates) at a low enough temperature to be useful (i.e. at a lower temperature than the food that is being refrigerated). The temperature at which the refrigerant boils is a function of pressure and the properties of the refrigerant. As the refrigerant boils in the evaporator it gains heat from the environment (usually air but can be a liquid or a solid) and therefore gradually changes from mainly liquid at the entry of the evaporator to gas at the exit. The compressor draws the vapour away from the evaporator and controls the pressure (and therefore the temperature) in the evaporator. The compressor raises the pressure of the gas to a value where condensation to liquid can take place. The high pressure gas is then condensed at constant temperature to a high pressure liquid by removing heat from the gas in a heat exchanger called the condenser. The temperature of condensation must be higher than the medium used for cooling for condensation to occur. The condensed liquid then enters the evaporator through a throttle valve or expansion valve that maintains the pressure between the condenser and evaporator. As the liquid passes through the expansion valve the pressure of the liquid is reduced to the pressure in the evaporator.
Two-stage systems
In most cases the refrigeration system used to cool food contains a HCFC (hydro chlorofluorocarbon) or HFC (hydro fluorocarbon) refrigerant. The working fluid is usually operated in a single stage but may on occasions be used in a 2 stage system. In such systems a primary stage is used to cool a secondary stage that may contain another DX refrigerant or may exchange heat with a secondary brine or liquid (usually water or glycol) that is pumped to a heat exchanger (Figure 7).
Pumped recirculation systems
In larger plant pumped recirculation systems are common, often operating using ammonia (Figure 8). In this system the refrigerant is contained in a large vessel termed a ‘surge drum’ and is pumped or fed by gravity to the evaporators. The refrigerant boils in the evaporator but unlike most DX systems the evaporator is fully flooded (i.e. the refrigerant does not fully boil and turn to gas). This allows refrigerant to boil throughout the evaporator enabling the evaporator to be more fully utilised than in a conventional DX system.
Absorption systems
Very occasionally absorption systems can be used for food chilling if excess heat is available to drive the system. Absorption systems vary the boiling point of a refrigerant by combining it with another fluid. For freezing this is usually ammonia-water. The system comprises a condenser, expansion device, an evaporator and an absorber and regenerator. Refrigerant gas from the evaporator is absorbed in the carrier fluid creating a weak solution. This is then pumped to condensing pressure, heated and the refrigerant is driven off (regenerated) before being condensed to liquid for expansion in the evaporator. The regeneration process requires heat and so this type of system is only really economic if large quantities of excess heat are available.
Refrigerant selection
Refrigerant selection is an important issue in terms of environment, safety and suitability. However, if the system design is optimised for a particular refrigerant there is unlikely to be greater than a 5% variation in efficiency between most common DX refrigerants. It should be noted that many previously popular refrigerants such as R22 are due to be phased out from 2010 onwards as part of the Kyoto protocol. Therefore a refrigerant with long term sustainability should be selected that has low ODP (Ozone Depletion Potential) and low GWP (Global Warming Potential). Current alternatives to HCFC and HFC refrigerants for larger industrial plant include ammonia (R717), CO2 (R744) and air (R729).

Alternative refrigeration systems for air chilling/freezing
Air cycle
Air cycle is one of the oldest refrigeration technologies. Air cycle machinery was used on board ships in the 1800s to maintain food temperature. However, the large reciprocating machinery was rapidly replaced at the beginning of the 1900s by smaller lighter systems using other refrigerants as new technology developed. Today high-speed turbo machinery is available that is compact and lightweight and therefore the use of air as a refrigerant is once again a commercial possibility.
The principal of the air cycle is that when air is compressed its temperature and pressure increases (1-2) (Figure 9). Heat is removed from the compressed air at constant pressure and its temperature is reduced, ideally while providing useful heat to high temperature processes (2-3). The air is then expanded and its temperature reduces as work is taken from it (3-4). The air then absorbs heat (gaining temperature) from low temperature processes at constant pressure, (4-1) where it starts the cycle again.
The application of air cycle to food processing has many advantages, the most obvious being that air is safe. Any leakage of air from the system is not a risk to the workers, the food or the environment. It is not flammable, neither does it suffocate and it is food safe. Air is also very green; it does not deplete the ozone layer and, in specific applications, will decrease the energy used and therefore the CO2 production. 
The primary reason for using an air cycle for food processing is that the range of operating conditions available is greatly increased. A number of theoretical studies have indicated the potential for air cycle in food processing operations (Gigiel, Chauveron, and Fitt, 1992; Russell, Gigiel, and James 2000; Russell, Gigiel and James, 2001). Integrated heating and refrigeration is one of the applications with the highest theoretical potential. Theoretically air temperatures up to 300°C can also be obtained suitable for direct cooking or the production of steam. Alternatively fast freezing of small products using the low temperatures available from air cycle systems will result in faster freezing, improving food quality and either a smaller  freezer, or  a larger throughput through an existing freezer.
Cryogenic systems
Air based cryogenic systems are primarily used for freezing food. In these systems a cryogen (usually liquid nitrogen) is either sprayed directly onto product in a tunnel or is expanded in a heat exchanger which is used to cool air blown around a tunnel. Cryogenic systems are covered in more detail in chapter 12.

Chilling and freezing equipment
Batch systems
Batch chilling and freezing systems are generally best suited to larger, irregular shaped product or product that has been wrapped or palletised. Large individual items such as meat carcasses are hung from overhead rails, smaller products are placed either unwrapped or in cartons on racks, pallets, or large bins. Generally products are placed in the chiller or freezer for relatively long periods of time and are handled in batches that fit into the working pattern of the factory (e.g. a 24 or 48 hour working cycle for meat chilling).
Most batch systems are based around an insulated room where air is distributed from an evaporator or evaporators. On occasions this room may be a store room where the air flow is often uneven and slow. Although not recommended, chamber freezing is often carried out due to availability of space to freeze product. When chamber freezing or chilling care needs to be taken that the temperatures of food at the centre of large pallets does not remain at a level where microbial growth can occur. For example Wanous et al. (1989) found that sausages at the centre of a pallet required 6 to 7 days to achieve -15°C from a starting temperature of 7°C.
The main advantage of batch freezers and chillers is the flexibility to be able to chill or freeze a range of products. In practice, air distribution is often a major problem, often overlooked by the system designer and the operator. As the freezing time of the product is reduced as the air speed is increased, an optimum value exists between the decrease in freezing time and the increasing power required to drive the fans to produce higher air speeds. This optimum value can be as low as 1.0 m s-1 air speed when freezing beef quarters to 15 m s-1 plus for thin products.
Bulk product is often split up to enable faster freezing. For example pallets often have spacer (‘egg crates’) inserted throughout the load to enable air to be distributed throughout the load. Although this results in thinner product layers it is vital to ensure that there is good air flow between each layer. This can only be achieved by blocking the free area around the pallet and forcing the air through the spacers (Figure 10).
Most chilling or freezing processes are single stage systems where the air temperature and velocity remains constant throughout the chilling or freezing process (single stage system). An alternative is a two-stage system where the air temperature and/or air velocity are changed as some point in the process. This can be especially advantageous when chilling as a low initial temperature can be used to rapidly reduce the surface temperature to a value just above its freezing point. The air temperatures can then be raised to prevent surface freeing. When freezing product the air speed can be high in the initial stage to rapidly reduce surface product temperatures to close to the air temperature and can then be reduced in a second stage. Once the surface temperature of a large product is close to the air temperature conduction will be the major heat transfer mechanism and therefore high air velocities are no longer necessary. In addition lowering the air velocity will reduce the fan heat load on the room and reduce energy consumption. Data presented by James and Bailey (1990) for a range of two-stage chilling systems for beef showed that chilling times to below 7°C could be achieved in under 18 hours and that weight loss was reduced by up to 1.37%. Likewise for pork James et al (1983) and Gigiel and James (1984) have shown that all the initial peak heat load can be extracted from a carcass by a rapid initial chilling procedure followed by a slowed second stage. Weigh loss was reduced by half compared to controls.
Weight loss from product is not only a quality issue but an economic loss. In a survey of beef slaughter houses carried out in 1989 by Gigiel and Collett they found that the cost of weight loss was 20 times that of the energy used in the chilling process. Apart from two-stage processes another method to reduce weight loss is the use of ice bank chillers. These provide a high humidity air stream created from a bank of ice built up in a tank. The air from the room is cooled and humidified by direct contact with the cold water from the ice bank. Ice banks are commonly used for cooling fruit and vegetables but have also been used experimentally for meat cooling. In work carried out by Gigiel and Badran (1988) pork carcasses lost 0.4% less weight when chilled, and an additional 0.9% when stored, in an ice bank when compared to conventionally chilled controls.

Continuous systems
Continuous chilling and freezing systems are generally suited to smaller products with shorter chilling or freezing times. Generally products tend to be uniform in shape and the system is designed specifically for certain product types. Therefore such systems have a limited flexibility and cannot often chill or freeze a large range of product sizes. In a continuous system product is often conveyed through a tunnel or room by an overhead conveyor or on a belt. This overcomes the problem of uneven air distribution since each item is subjected to the same velocity/time profile. The time spent in the chiller or freezer (residence time) is generally low to reduce the amount of floor space required for the equipment.
Carton/box freezer
Carton freezers are used for freezing small cartons such as those containing ice cream. Box freezers are used for freezing boxed product such as meat, fish and poultry. The cartons or boxes are loaded automatically onto an upper track and are hydraulically pushed through a freezer. Tracks are placed at many levels and the product is lowered between each level to the exit (Figure 11). Freezing is usually accomplished in 3 to 24 hours.
Tunnel/belt
Product is conveyed through a tunnel usually by an overhead conveyor or on a belt.  Most commonly air is directed across the product but may be directed at the product from above when a belt is used to convey product (Figure 12). The product is evenly spaced and so uniform air flows around the product can be achieved. Generally most chillers/freezers are restricted to one product size and shape so that product loading can be optimised. However, often racks or trolleys are used to enable a range of products to be processed.
Fluidised bed
Fluidised beds are usually used to freeze small IQF product such as small fruits or vegetables, meat mince or prawns. The product travels through a tunnel on a mesh belt and air is blown from underneath the belt onto the product. Air velocities are sufficient to partially fluidise the product and therefore product does not clump together and each item is frozen individually. Product is fed in at one end of the freezer and overflows from the exit (Figure 13). Often the bed is angled or shaken to assist product flow. High heat transfer coefficients are achieved due to localised high air velocities over the surface and therefore freezing times are short. Due to the small product and the short freezing time these systems can be compact.
Spiral freezer/chiller
Spiral chiller/freezers generally require a smaller footprint than tunnel chiller/freezer but tend to be taller. They are constructed on a belt that is stacked in a spiral of up to 50 layers (Figure 14). Therefore they allow a long belt to be used in a small area of the production plant. Air flow can be either horizontally through the stacks or vertically through the belt.
Impingement
Impingement technology increases the surface heat transfer in air and other freezing systems (Newman, 2001; Sundsten et al., 2001; Everington, 2001). Impingement is the process of directing a jet or jets of fluid at a solid surface to effect a change. The very high velocity (20 – 30 m s-1) impingement gas jets, ‘breakup’ the static surface boundary layer of gas that surrounds a food product.  The resulting medium around the product is more turbulent and the heat exchange through this zone becomes much more effective (Figure 15). Impingement freezing is best suited for products with high surface area to weight ratios (e.g. burgers) or for product requiring crust freezing. Testing has shown that products with a thickness less than 20 mm freeze most effectively in an impingement heat transfer environment. When freezing products thicker than 20 mm, the benefits of impingement freezing can still be achieved; however, the surface heat transfer coefficients later in the freezing process should be reduced to balance the overall process efficiency.
Impingement freezing has substantial advantages in terms of freezing times. In trials carried out by Sundsten et al. (2001), the time required to freeze a 10 mm thick 80 g hamburger from +4°C to -18°C in a spiral freezer was 22 minutes whereas in an impingement freezer the time was 2 minutes 40 seconds. In addition dehydration was significantly higher for hamburgers frozen in the spiral freezer (1.2%) compared to the impingement freezer (0.4%).
Future trends
A number of novel freezing technologies are currently being developed and will be covered in other chapter 16. Those related to static and continuous air based systems include magnetic resonance freezing, ultrasonic freezing, solar, thermionic; magnetocaloric, electrocaloric and thermoacoustic refrigeration.
In the shorter term, the food industry is becoming more aware of environmental issues. Due to consumer pressure and rising energy costs energy is becoming increasingly important and companies are seeking ways to reduce energy consumption by improving the efficiency of the process and optimising efficiency of equipment used for chilling or freezing. Environmental pressures are also encouraging the use of new refrigerants such as CO2 and renewed interest in older refrigerants such as ammonia and air. The increasing need to produce new and novel products is fuelling the need for flexible equipment that can future proof manufacturers against unexpected changes in the market. Due to these trends it is unlikely that air based systems will disappear in favour of more specialised new technologies. Instead new technologies are more likely to be added to air based systems to retain the flexibility inherent in air based freezing systems.
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Figure 1. Effect of ambient cooling on 50 mm thick tray of Bolognese sauce.


Figure 2. Product load during cooling of 300 mm thick product.


Figure 3. Effect of heat transfer coefficient and product thickness on cooling times for Bolognese sauce (cooling to 5°C from 80°C in air at -5°C).


Figure 4. Difference in time required to cool varied thicknesses of Bolognese sauce between 80 and 5°Cin air at -5°C using heat transfer coefficient of 5 and 80 W/m2/K.


Figure 5. Effect of reducing the air temperature over 240 mm thick Bolognese sauce (heat transfer coefficient = 20 W/m2/K) cooled from 80°C to 5°C (mean).


Figure 6. Basic direct expansion refrigeration system.


Figure 7. Two-stage refrigeration system.






Figure 9. Air cycle on a T-S (Temperature-Entropy) diagram and shown diagrammatically.


Figure 10. Batch pallet freezer.


Figure 11. Carton/box freezer.


Figure 12. Tunnel freezer.


Figure 13. Fluidised bed freezer.


Figure 14. Spiral freezer/chiller.


Figure 15. Impingement system (published courtesy of Air Products).









































